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In Brief
In central visual areas, the monocularbinocular border is formed by the confluence of information from the two eyes. de Malmazet et al. demonstrate, using two-photon calcium imaging in awake mice, that direction-selective neurons in the superior colliculus show a sharp transition in their preference for nasal versus temporal motion at this border.
SUMMARY
Sensory neurons often display an ordered spatial arrangement that enhances the encoding of specific features on different sides of natural borders in the visual field (for example, [1] [2] [3] ). In central visual areas, one prominent natural border is formed by the confluence of information from the two eyes, the monocular-binocular border [4] . Here, we investigate whether receptive field properties of neurons in the mouse superior colliculus show any systematic organization about the monocular-binocular border. The superior colliculus is a layered midbrain structure that plays a significant role in the orienting responses of the eye, head, and body [5] . Its superficial layers receive direct input from the majority of retinal ganglion cells and are retinotopically organized [6, 7] . Using two-photon calcium imaging, we recorded the activity of collicular neurons from the superficial layers of awake mice and determined their direction selectivity, orientation selectivity, and retinotopic location. This revealed that nearby direction-selective neurons have a strong tendency to prefer the same motion direction. In retinotopic space, the local preference of direction-selective neurons shows a sharp transition in the preference for nasal versus temporal motion at the monocular-binocular border. The maps representing orientation and direction appear to be independent. These results illustrate the important coherence between the spatial organization of inputs and response properties within the visual system and suggest a re-analysis of the receptive field organization within the superior colliculus from an ecological perspective.
RESULTS
To characterize the functional properties of neurons in the superficial layers of the mouse superior colliculus, we performed in vivo two-photon calcium imaging in awake, head-fixed adult mice that viewed visual stimuli on a screen (Figure 1 ). The superior colliculus was exposed by removing the overlaying cortical tissue, and an imaging window was placed at the end of an implanted cannula (see STAR Methods). This provided access to the dorsal two-thirds of the superior colliculus ( Figures 1A-1C ). Neurons were labeled with the calcium indictor GCaMP6s delivered via the injection of an adeno-associated virus (AAV) (see STAR Methods).
To assess the orientation and direction selectivity of neurons in the superior colliculus, we presented bars moving perpendicular to their long edge in 8 different directions (see STAR Methods). Approximately 22% of labeled neurons in the upper layers of the superior colliculus regularly responded with an increase in fluorescence ( Figure 1E ). A neuron's response was classified based on its preference for different sets of motion directions. Neurons that responded best to a particular direction of motion were considered to be direction-selective (DS) (see red traces in Figure 1E ); cells that responded best to a particular orientation of the moving bar independent of motion direction were considered to be orientation-selective (OS) (see green traces in Figure 1E ). The rest of the visually responsive neurons were classified as non-selective (see blue traces in Figure 1E ). Using this stimulus, we recorded 4,586 visually responsive neurons in 10 animals and 92 recording sessions. These recordings were performed at multiple depths (50-400 mm) and retinotopic locations (À30 to +70 horizontally and À35 to +35 vertically) of the superior colliculus, where 0 horizontally represents straight ahead of the animal and 0 vertically is the horizontal plane passing through the animal's two eyes. The optical axis of the mouse eye is at 64 of azimuth and 22 of altitude [4] . The orientation and direction selectivity of each neuron was assessed by calculating an OS index (OSI) and DS index (DSI), as well as their statistical significance ( Figures 1F and 1G ).
We found in the superior colliculus that neurons with a significant DSI appear to form an independent population from neurons with a significant OSI ( Figures 1H-1K ). First, only 14% of neurons with a significant DSI had also significant OSI. Second, the strength of the DSI and OSI were not correlated for individual neurons (Pearson correlation = 0.09; Figure 1J ). This is evident in the spatial separation of the 2D OSI-DSI distributions of neurons with a significant DSI ( Figure 1H ) or OSI ( Figure 1K ). Further, the Figure S1 . DSI of the neurons with a significant DSI was larger than for those with a significant OSI (0.21, 0.15-0.32 versus 0.10, 0.06-0.17; median, interquartile range), and the OSI of the neurons with a significant DSI was smaller than for neurons with a significant OSI (0.17, 0.11-0.25 versus 0.31, 0.24-0.40; Figure 1I ). This is very different from what is observed in the visual cortex, where it is commonly assumed that all DS neurons are also OS [8] [9] [10] ( Figure S1 ). Based on these findings, we defined a neuron to be DS if its DSI was greater than 0.1 and statistically significant (p < 0.05), and a neuron was defined as OS if its OSI was greater than 0.1 and statistically significant but was not DS ( Figures 1F  and 1G ). 23% of visually responsive neurons were classified as DS and 14% as OS.
DS Neurons in the Superior Colliculus Cluster
Anatomically by Preferred Direction It has been described that OS neurons with similar preferred orientations tend to anatomically cluster in the superior colliculus [11, 12] . To determine whether DS neurons also show this tendency, we compared the preferred direction of pairs of DS neurons at different distances within an imaging plane. We found that neighboring DS neurons had similar response profiles, such that neurons close to each other showed a strong preference for the same direction of motion ( Figures 2A-2C and S2). In the same imaging plane, the preferred directions of DS neurons separated by short distances (<100 mm) were more alike than expected by chance ( Figures 2B and 2C ; D pref. dir. 37 , 14 -89 ; n = 2,876 pairs). Cells separated by 350-500 mm had preferred directions that were less similar ( Figures 2B and 2C ; D pref. dir. 70 , 30 -117 ; n = 1,880 pairs). To control for different sampling of neurons at different distances, we measured the percentage of pairs with similar differences in preferred direction at different distances ( Figure 2C ). We see a clear trend for pairs of neurons less than 100 mm apart. Twenty-five percent have less than 14 difference in preferred direction, and over fifty percent have less than 37 difference in preferred direction. For pairs of neurons between 150 and 300 mm apart, we also see a preference for similar preferred directions, although this relationship is weaker. At distances of 350-500 mm, this trend has almost disappeared, showing no significant difference from chance ( Figure 2C ).
To determine whether the spatial clustering of DS neurons is dependent on the visual stimulus, we presented a spatially isotropic stimulus, a small moving black spot. Using this stimulus, we recorded 1,959 visually responsive neurons in 9 animals and 31 recording sessions ( Figures S2E-S2J ). When a moving spot was used instead of a moving bar, a similar spatial arrangement was seen ( Figures 2D-2F ). Like the moving bar stimulus, neurons separated by less than 100 mm showed a strong similarity in preferred direction (D pref. dir. 35 , 15 -70 ; n = 1,246 pairs), and neurons separated by 300-500 mm did not show spatial clustering (D pref. dir. 76 , 38 -124 ; n = 2,317 pairs). We tested the functional organization of DS neurons perpendicular to the surface of the superior colliculus by imaging neuronal responses at different depths separated by 50 mm ( Figure 2G ). Perpendicular to the surface, pairs of DS neurons separated by less than 25 mm horizontally tended to share preferred direction, regardless of depth separation, at least over 150 mm depth (Figure 2G ; D pref. dir. 35 , 13 -80 ; n = 648 pairs). Together, these results suggest that DS neurons in the superior colliculus form patches with similar preferred directions that span the retinorecipient layer of the superior colliculus.
Nasally and Temporally Tuned DS Neurons Show a Retinotopic Separation
The retinotopic arrangement of the mouse superior colliculus is well established, with each neuron's receptive field consisting of a limited portion of the visual field and adjacent neurons looking at neighboring positions [13] [14] [15] . To determine whether the local arrangement of DS neurons shows an orderly representation in retinotopic space, we mapped the preferred direction of motion of each neuron into retinotopic positions ( Figure 3A ; see STAR Methods). We noticed that the population of DS neurons shows a tendency to prefer directions parallel to the azimuth ( Figure 3A) . Additionally, the largest differences between preferred directions appear as the receptive fields of DS neurons shift from forward looking to lateral positions ( Figure 3 ). Given these two observations, we examined whether these differences could be understood by considering the border of the binocular and monocular zones that occurs at $20 azimuth [4] . With this in mind, we classified neurons into three groups: those located more than 5 inside the binocular zone, within 5 of the monocular-binocular border, and more than 5 inside the monocular zone ( Figures 3A-3D ). The distributions of preferred directions were strikingly different between the three defined areas (Kuiper two-sample test p < 0.001).
To quantify these differences, we fit the distributions with a mixture of four Gaussians (see STAR Methods) and used the fitted parameters to determine the relative contribution of each motion preference. For the entire population, the four mixture components had mean directional preferences of 0 , 76 , 149 , and 232 , representing temporal, upward, nasal, and downward motion directions, respectively. The nasally tuned neurons had the most prominent peak (set to a value of 1 for relative comparisons to the other directions), with temporally and upward tuned neurons having a peak of 0.60 and 0.45, respectively. The least prominent set of neurons were the downward tuned neuron with a peak of 0.25. Generally downward tuned neurons were the least prominent at each retinotopic location. In the binocular zone, DS neurons had a strong preference for nasal directions, with the peak for upward and temporally tuned neurons of 0.42 and 0.27, respectively ( Figure 3B ). In contrast, DS neurons in the monocular zone showed a higher preference for temporal directions (peak set to 1), with the nasally tuned and upward tuned DS cells having peaks of 0.56 and 0.39, respectively ( Figure 3D ). DS neurons that lied along the monocular-binocular border contained an approximately equal preference for nasal (1.0) and temporally (0.83) tuned neurons, as compared to upward (0.46) and downward (0.29) tuned neurons ( Figure 3C ).
Indeed, if we map the median preferred direction at each recorded retinotopic location, we see a clear preference for nasal directions within the binocular visual field and temporal motion directions within the monocular zone ( Figure 3E) . A clear transition zone forms along the line defined by the monocular-binocular border. These results were also evident in individual experiments ( Figure S3 ). To determine how sharp this transition is, we measured the median preferred direction at different distances away from the monocular-binocular border (blue in Figure 3F ). Here, we saw a sharp divide between the two regions centered at the monocular-binocular border, where the median preferred angle of motion switched from 120 within the binocular zone to 45 within the monocular zone ( Figure 3G ). When measuring the median preferred direction along other axes, the azimuth, and altitude, transitions were less pronounced ( Figures 3H and 3I ).
In addition, DS neurons that preferred nasal directions tended to be located within the binocular zone, and DS neurons that preferred temporal directions tended to be located within the monocular zone ( Figures 3J and 3K) . The above analysis demonstrates that the separation of nasally and temporally tuned neurons appears best explained by the monocular-binocular border. 
OS and DS Maps Are Independent of Each Other
In the visual cortex, there is a strong relationship between OS and DS neurons. However, in the retina, OS and DS neurons form separate mosaics, composed of different cell types [7, [16] [17] [18] [19] . As the DS response of DS neurons in the colliculus is dependent on input from DS neurons in the retina, but not input from the visual cortex [20, 21] , we asked whether there is a consistent relationship between OS and DS neurons in the superior colliculus. We found that, within local patches of the superior colliculus, the angular relationship between the preferred orientation of OS neurons and the preferred direction of DS neurons was either parallel, perpendicular, or another angle ( Figures  4A-4C ). To quantify this relationship, we performed two sets of analysis. First, for all pairs of OS and DS neurons, we compared their horizontal separation with the angular difference between the preferred orientation of the OS neuron and the preferred direction of the DS neuron ( Figure 4D) , showing no consistent spatial relationship between the preferred orientation of OS neurons and the preferred direction of DS neurons (Pearson correlation = À0.08; Spearman correlation = À0.08; n = 13,571 pairs). This is further demonstrated when we compared the preferred direction of DS neurons and preferred orientation of OS neurons at specific distances from each other. At each distance, there is no clear peak in the distribution of neuron pairs ( Figure 4E ). In a second analysis, we stepped a 400 3 400 mm window over each imaging plane every 200 mm and compared the median preferred orientation of the OS neurons with the median preferred direction of the DS neurons. Again, we did not find a consistent angular relationship between preferred orientation and preferred direction of OS and DS neurons ( Figure 4F) .
Despite not seeing a consistent angular relationship between anatomically nearby OS and DS neurons, both OS and DS neurons show strong retinotopic organizations (see [11] for OS). To determine whether these two organizations showed a meaningful relationship in retinotopic space, we first mapped the median preferred orientation of OS neurons into retinotopic space (Figure 4G) . These results show a very similar organization to that described by Ahmadlou and Heimel [11] . In the neurons with receptive fields looking forward, lying between À40 and +20 of azimuth, we see a clear predominance of horizontally preferring OS neurons, and for neurons with receptive fields more lateral than 20 , we observed a strong preference for concentric angles. Comparing Figures 3E and 4G does not reveal any obvious relation between the retinotopic organizations of OS and DS neurons in the superior colliculus. We tested this by mapping the local angular difference of pairs of OS and DS neurons that share a retinotopic location. The resulting map of angular differences shows a patchy, imprecise relationship between OS and DS neurons in the superior colliculus ( Figure 4H) , where some areas show a preferred orientation orthogonal to the preferred direction and other areas show a preferred orientation parallel to the preferred direction ( Figure S4) .
DISCUSSION
Understanding how visual information is used to guide behavior requires a description of the functional organization of response properties in behaviorally important brain structures. We demonstrate that DS neurons in the superior colliculus show a strong bias in their preferred direction, depending on the location of their receptive field. Specifically, the border between the monocular and binocular zone acts to partition nasally and temporally tuned DS neurons. Surprisingly, although in each local patch, OS and DS neurons show a clear preference for an angular relationship, this relationship did not reveal an apparent arrangement in anatomical or retinotopic space.
Previous work has shown that DS cells are common in the superior colliculus of many species, including primates, cats, rabbits, rats, and mice [20] [21] [22] [23] [24] [25] [26] [27] . In mice, DS neurons have been reported to show a strong bias for upward motion [11, 23] or show little bias for any particular direction [20, 21, 26] . Although we found neurons with a broad distribution of preferred directions at each retinotopic location, there was a clear bias in the number of neurons tuned to a particular direction at different retinotopic locations. This may be due to a more complete sampling in anatomical and retinotopic space compared to previous studies.
We commonly relied on presenting a single visual stimulus to characterize both orientation and direction selectivity. This could be problematic given the singular relationship between the angle of motion and the angle of the bar. In addition, the method of calculating the OSI and DSI conflate the two properties. Three pieces of evidence suggest that our classification is not misleading. First, we observed different angular relationships between OS and DS neurons in local imaging windows. Second, the spatial relationship of neurons probed with a moving spot was very similar to those probed with a moving bar. Third, DS response properties are dependent on input from DS neurons in the retina, which are not OS [20] . In addition, previous reports have also concluded that DS neurons in the superior colliculus are not OS [26] .
It is not clear how the region-specific functional architecture of the superior colliculus arises. Maybe afferents from different retinal ganglion cell types selectively innervate different regions of the superior colliculus. However, despite evidence for a patch-like innervation pattern of single cell types in mice, a clear rostro-caudal organization is not apparent [19, [28] [29] [30] . Conversely, in the zebrafish tectum, there appears to be a strong functional organization of both DS neurons in the tectum, as well as segregation of DS retinal inputs based on their preferred direction [31] .
The relationship we found between preferred direction and retinotopy suggests that the superior colliculus has regional spe-cializations. This has previously been reported when comparing the upper and lower visual fields, where either the visual response properties or elicited behaviors have been shown to differ [2, 32, 33] . The monocular-binocular border could form a similar separation in functional roles. The observed separation of nasally and temporally tuned DS neurons resembles an optic flow field map that might be useful for distinguishing rotations from translations. This could be particularly useful if downstream neurons could compare inputs from both eyes [34] and might be advantageous in guiding orientating or avoidance behaviors that are mediated by the superior colliculus [5, 35] . A more detailed study of behaviors mediated by different retinotopic regions of the superior colliculus and a careful matching of functional properties and receptive field location will help to understand the significance of the region-specific coding of the visual scene in the superior colliculus.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
EXPERIMENTAL MODEL AND SUBJECT DETAILS
We report on 13 normally-reared, single-housed mice of 2 to 5 months age. Experiments were performed on male (n = 9) and female mice (n = 4) of either C57BL/6J (n = 3) or GAD2 Cre x Ai9 (n = 9) strains. Transgenic mice were bread by crossing homozygous Gad2 Cre mice [36] with homozygous Ai9 mice [37] , which were initially sourced from Jackson Laboratories. All mice were housed in a 12 hr/ 12 hr light/dark cycle. Each mouse was implanted with a titanium head plate and a cranial window for chronic cellular imaging of the superior colliculus at the age of 2 months [38] . All animal procedures were approved by the Animal Ethics Committee of KU Leuven.
METHOD DETAILS

Surgical Procedures
Each mouse was surgically implanted with a titanium head plate and a cranial window for cellular fluorescence imaging of the superior colliculus ( Figures 1A-1C ). Animals were anesthetized with Isoflurane (induced 3%, 0.8 L/min O 2 ; sustained 1 to 1.5%, 0.5 L/min O 2 ), or ketamine and medetomidine (75 mg/kg and 1 mg/kg, respectively). A titanium head plate was implanted on the skull with dental cement (Metabond, Crown & Bridge) and a 3.5 mm diameter craniotomy was performed on the left hemisphere above the superior colliculus, centered at 2 mm lateral of the midline and 2 mm anterior of lambda. For cellular imaging of the superior colliculus, the cortex covering the superior colliculus was manually removed under visual guidance. Mice were implanted with a 3-mm cranial window glued to a 2 mm long glass cannula. The cranial window was fixated with dental cement (Kerr Tab, Kerr Dental), mixed with black tempera pigment to provide light shielding during fluorescence imaging. After recovery from anesthesia animals were returned to their home cage and were administrated Buprenorphine and Cefazolin for 60 hr post-surgery (buprenorphine 0.2 mg/kg I.P. and cefazolin 15 mg/kg I.P. in 12-hour intervals). Mice were allowed to recover for one week before habituation sessions for experiments were performed.
Viral Vector Injections
Viral vector injections were performed during the surgical procedure, after the surface of the colliculus was exposed and before the window was placed. A glass pipette filled with 2-3 mL of an adeno-associated virus construct (AAV2.1/Syn.GCaMP6s. WPRE.SV40, Penn vector) containing GCaMP6s under control of the synapsin promotor [39] was inserted successively in three to five locations spanning the surface of the exposed superior colliculus. At each location, around 400 nL of virus was delivered at three different depth (400 mm, 200 mm and 50 mm). A manual hydraulic micromanipulator (Narishige) was used to inject the virus at a rate of 200 nL per minute.
Behavioral Training
Animals were handled for two days before being exposed to the setup. Animals were then habituated for another three days to remain head fixed for periods of 1 to 2 hr. Animals were rewarded for remaining calm during training with sugar water or vanilla-flavored soy milk.
Two-Photon Imaging
A commercial two-photon microscope (Thorlabs Multiphoton Microscope, B-Scope) was used to image the calcium signals of neural cell bodies in the superficial layers of superior colliculus. Neurons were imaged at different depths (50-400 mm from the surface) in planes of 1 mm 2 squares sampled at 1024 3 1024 pixels resolutions, or 0.25 mm 2 squares sampled at 512 3 512 pixels resolutions. The data was acquired at a rate of 15 Hz. GCaMP6s and tdTomato were both excited with a laser at 920 nm wavelength (Mai Tai DeepSee, Spectra Physics). The maximum laser power at the objective was limited to 20-50 mW depending on the field of view. A piezo-electric linear actuator (P-665, Physik Instrumente) was used to move the objective (Nikon 16x, 0.8 NA) in steps of 50 mm. The microscope was controlled and the data was acquired using ScanImage 4.2 [40] . 
Visual stimuli
Experimental Design
Experiments were performed for a period up to 3 months after the training of the animals. At the beginning of each experiment the receptive field location of the imaged area was assessed using the moving bar stimulus. The screen was then manually positioned such that the receptive field center corresponded to the center of the screen. Visual stimuli were then presented to the mouse for up to 2 hr while the responses of neurons in the superior colliculus were recorded. Mice were given sugar water or vanilla flavored soy milk as a reward at the end of each experiment.
QUANTIFICATION AND STATISTICAL ANALYSIS
Correction of brain motion artifacts, segmentation of cell bodies and extraction of neuronal signals was performed in Python (Python Software Foundation, Wilmington, DE), while additional analysis was performed in MATLAB (The Mathworks, Natick, MA). Image stacks were registered to a 50-frame average to correct for planar motion based on a hidden Markov Model strategy from the Sequential IMage Analysis (SIMA) package [43] . Regions of interest were identified and response traces extracted by a constrained non-negative matrix factorization algorithm of the Python-based Calcium Imaging Analysis (CaImAn) package [44] .
Response amplitude
The response amplitude of a neuron to a stimulus was calculated as the difference between the maximum peak of the raw calcium signal during the stimulus presentation and the minimum value of the signal prior to the peak.
Orientation and direction selectivity
The orientation and direction selectivity of a neuron was assessed by determining a directional tuning curve from the median response amplitudes R k to bar or spot motion in direction a k over ten trials. Direction selectivity was assessed by projecting and normalizing the tuning curve on a set of complex exponentials: R = P k R k ,e iak = P k R k . The magnitude and angle of the resulting vector are then the DSI and preferred direction, respectively. Orientation selectivity was assessed by calculating the OSI and preferred orientation in an analogous way, using e 2iak as complex exponentials.
The statistical significance of the DSI and OSI was assessed using a permutation test [45] . Surrogate trials were generated by shuffling the response amplitudes over the different trials and directions of motion and DSI and OSI were calculated. This procedure was repeated 10000 times generated a null distribution of DSIs and OSIs for each neuron. Neurons were classified as DS if their DSI value was greater than 0.1 and statistically significant (p < 0.05). Neurons were classified as OS if they were not DS and their OSI value was greater than 0.1 and statistically significant (p < 0.05). The remaining neurons were classified as non-selective.
Visually-responsive neurons
Visually-responsive neurons were determined as those that showed a consistent response to repeated presentations of the same visual stimulus. This was assessed by calculating the signal-to-noise ratio in relation to the number of repetitions of a stimulus. The signal-to-noise ratio was calculated as the quality index (QI, after [46]): where C corresponds to the response matrix, Time (t) x Repetitions (r). The visually-responsive neurons were those that had a QI greater than 2.5 divided by the number of repetitions, QI > 2:5=# repetitions.
Receptive field mapping
The receptive field location was determined in a two-step process. First, the receptive field location of each neuron was determined as the center of the area encompassed by the location of the moving bar at the time of the response onset for each of the 8 directions of motion. The response onset for each direction of the moving bar was calculated as the moment when the calcium signal reached its minimal value in the 700 ms preceding the peak response. The receptive field center was then computed as the center of the receptive field area. Second, the retinotopic organization of the superior colliculus (adjacent neurons have overlapping receptive fields) allowed us to correct the receptive field centers of each neuron. For each neuron, the reported receptive field center corresponds to the median receptive center of all neighboring neurons located within a 60 mm radius in the same recording plane (including the neuron itself). This method provided a similar accuracy for determining the receptive field location compared to using a 10 flashing square stimulus in control experiments. We found that the receptive fields centers measured using a moving bar fell within the receptive field area determined with flashing squares for 80 of 84 tested neurons with a difference of 5 +/À 2.4 (mean ± std). In a set of control experiments (n = 5) we observed very few eye movements during the presentation of a moving bar (data not shown). Eye movements did not show any systematic bias with reference to the presentation of the stimulus and on average eye position remained at its central rest position.
Correction of screen distortion
Considering the mouse eye optical axis oriented toward 64 of azimuth and 22 of altitude [4] , we corrected for distortion of the receptive field azimuth and altitude coordinates of each neuron. Furthermore, we corrected the orientation and direction of motion of the visual stimulus perceived by each neuron considering its receptive field location. Figures 3A-3D were fit with a ''Mixture of Gaussians'' model using an expectation-maximization algorithm (MATLAB's gmdistribution object). We constrained the covariance matrix to be diagonal. To determine the optimal number of Gaussians to fit we evaluated the Bayesian and Aikaike information criterion, which yielded the same optimal number. The algorithm was restarted 1000 times to avoid local minima. This procedure resulted in an optimal number of Gaussians of 4 for each distribution. The distributions were then normalized by the peak value of the highest Gaussian and peak values set into relation.
Gaussian mixture model fitting Distributions shown in
Smoothed maps
Smoothed maps were created by dividing the visual area in hexagonal bins, each covering 0.6 width of visual space. The preferred direction of each bin corresponded to the median preferred direction of all DS neurons whose receptive field center was located within 15 of the bin center. A bin was only displayed if at least five DS neurons had their receptive field center within 4 of the bin center to ensure each shown bin has sufficient number of neurons close to its center.
